The purpose of this study was to investigate the MR imaging appearance of mobile CSF in the ventricular system in patients with ventriculomegaly caused by brain atrophy and extraventricular obstructive hydrocephalus. Pulsatile CSF often has decreased intensity relative to less mobile areas of CSF, particularly on T2-weighted scans. At times, the flow-related signal dropout causes striking heterogeneity in the appearance of CSF. This has been termed the CSF flow-void sign (CFVS) and is most likely caused by spin-phase shifts and time-of-flight effects created as a result of CSF turbulence and increased velocity of CSF pulsatile flow. The effect is most pronounced in areas where a larger volume of CSF moves through a small channel or foramen, such as the aqueduct of Sylvius or foramen of Magendie. The scans of 40 patients with ventriculomegaly caused by brain atrophy or extraventricular obstructive hydrocephalus were reviewed for the presence of the CFVS. All patients had the CFVS in the aqueduct of Sylvius on T2-weighted spin-echo sequences. The sign was present in the fourth ventricle in 96%, in the third ventricle in 70%, in the foramen of Magendie in 65-77%, and in the foramina of Monro in 33%. The sign was more pronounced in patients with larger ventricles but could not be used to differentiate patients with brain atrophy from those with extraventricular obstructive hydrocephalus.
The MR Appearance of CSF Flow in Patients with Ventriculomegaly
The purpose of this study was to investigate the MR imaging appearance of mobile CSF in the ventricular system in patients with ventriculomegaly caused by brain atrophy and extraventricular obstructive hydrocephalus. Pulsatile CSF often has decreased intensity relative to less mobile areas of CSF, particularly on T2-weighted scans. At times, the flow-related signal dropout causes striking heterogeneity in the appearance of CSF. This has been termed the CSF flow-void sign (CFVS) and is most likely caused by spin-phase shifts and time-of-flight effects created as a result of CSF turbulence and increased velocity of CSF pulsatile flow. The effect is most pronounced in areas where a larger volume of CSF moves through a small channel or foramen, such as the aqueduct of Sylvius or foramen of Magendie. The scans of 40 patients with ventriculomegaly caused by brain atrophy or extraventricular obstructive hydrocephalus were reviewed for the presence of the CFVS. All patients had the CFVS in the aqueduct of Sylvius on T2-weighted spin-echo sequences. The sign was present in the fourth ventricle in 96%, in the third ventricle in 70%, in the foramen of Magendie in 65-77%, and in the foramina of Monro in 33%. The sign was more pronounced in patients with larger ventricles but could not be used to differentiate patients with brain atrophy from those with extraventricular obstructive hydrocephalus.
MR imaging has proven superior to CT in the evaluation of intracranial disease primarily because of its superior contrast resolution [1] [2] [3] . Cerebral vasculature and vascular malformations are clearly delineated by hypointensity resulting from the lack of signal caused by rapidly flowing blood [4 , 5] . Rapidly flowing or turbulent CSF in the third ventricle , the aqueduct of Sylvius, and the fourth ventricle may also be delineated as a hypointense area because of the lack of signal (Fig. 1 ). This has been termed the CSF flow-void sign (CFVS) [6 , 7] . We investigated the incidence and variations of the CFVS in patients with ventriculomegaly caused by brain atrophy and extraventricular obstructive hydrocephalus (EVOH) [8] .
Materials and Methods
The MR examinations of 40 patients with enlarged ventricles were reviewed and divided into two groups on the basis of cli nical evaluations and results of other imaging studies. Patients with evidence of obstruction or mass effect involving the third ventricle, fourth ventricle , or aqueduct of Sylvius were excluded.
Group 1 included 29 patients with enlarged ventricles caused by brain atrophy , normal aging , or congenital anomalies . There were 19 men and 10 women aged 17-83 years (average age , 57 years). Two patients were 17 years old: between them , one had vermian dysgenesis and the other had olivopontocerebeliar degeneration.
Group 2 included 11 patients with EVOH . The five males and si x females were 2-77 years old (average age , 56 years). One patient (a 36-year-old man) had presumed inferior vermian dysgenesis but also had EVOH from previous head trauma.
Ali examinations were evaluated for the presence of the CFVS [6] on T2-weighted images and on T1-weighted images or balanced T2fT1 images. The CFVS was differentiated from the low signal intensity of arteries and veins by comparing the size and 'Iocation of the sign AJNR :7, November/December 1986 A B
with known vascular anatomy. Its location was identified at the foramen of Magendie , the fourth ventricle, the aqueduct of Sylvius, the third ventricle , or at the foramina of Monro . The severity of the ventriculomegaly was measured using the ventricular size index [9] , which is the ratio of the distance between the lateral margins of the frontal horns to the distance between the inner tables of the skull at the same level. Using this index, normal ventricular size is present when the ratio is 30% or less, mild ventriculomegaly is present with a ratio of 30-39%, moderate ventriculomegaly is present with a ratio of 40-46%, and severe ventriculomegaly is present with a ratio of 47% or more. (The same criteria were used in the "normal" group included in Table 2 reported by Sherman and Cit~in [6] .) The presence or absence of interstitial edema was also noted . The length of the longest unbroken CFVS was measured on the T2-weighted images . MR examinations were performed with a Picker Vista MR superconductive 0.5-T imager with standard pulse sequences, software, and hardware. Read gradient magnetic field amplitudes used in these sequences were 3 x 10-3 T /m . Data were typically acquired with 256 complex samples/view, 256 views , and two excitations using the standard 20FT method and spin-echo (SE) pulse sequences [10] . Magnitude reconstruction was used in all cases . The resultant 256 x 256 image was then interpolated to a 512-element display matrix. Field of view for these examinations was 30 cm, resulting in a pixel size before interpolation of 1.17 mm . Sampling times were 24 msec, and sampling bandwidth 5 kHz. The phase-encoding gradient was in the horizontal plane for all cases. Single-echo 8-or 16-multisection SE sequences were performed with selective excitation in staggered slice order by exciting odd-numbered slices sequentially followed by even-numbered slices sequentially. Slices were contiguous and either 5 or 10 mm thick . Slice profiles were approximately trapezoidal, with 1 mm transitional zones on either side of a flat region of the nominal thickness [11] . T2-and T1-weighted sequences were used in all cases.
T2-weighted sequences were obtained with a TE of 60, 80, or 100 msec and a TR of 1500-4000 msec. T1-weighted sequences used a TE of 30 or 40 msec, with a TR of 500-600 msec. The CSF in the lateral ventricles appears hyperintense relative to cerebral cortex on the T2-weighted sequences and hypointense on the T1-weighted sequences. In some cases additional sequences were added to the basic examination . Slice-to-slice variability in contrast was not significant in any pulse sequences . Sixteen patients (40%) had mild ventriculomegaly , 15 (37%) had moderate ventriculomegaly, and nine (23%) had severe ventriculomegaly. The occurrence of the CFVS in patients with brain atrophy or EVOH is given in Table 1 . The CFVS was more difficult to identify specifically in the foramen of Magendie in five patients because of the proximity of the posterior inferior cerebellar arteries.
Group 1: Ventriculomegaly from Atrophy or Congenital

Anomaly
Fifteen of these 29 patients had mild ventriculomegaly, 10 had moderate enlargement, and four had severe enlargement of the ventricles. Two patients had a periventricular rim of slightly increased intenSity that was believed to represent deep white-matter disease, probably caused by ischemia. Note.-CSF flow-void sign (CFVS) was analyzed on MR images obtained with T2-weighted spin-€Cho pulse sequences (TR = 1500-4000 msec, TE = 60-100 msec).
• Range of observations reflects the difficulty in separating the CFVS from arterial structures. Note.-Data were com piled on the visualization of the CSF flow-void sign (CFVS) on T2-weighted spin-echo pulse sequence (TR ~ 1500-4000 msec, TE ~ 60-100 msec). Data on normal patients from 16J. Categorization of ventricular size was made during the ventricular size index. Note the increasing likelihood of observing the CFVS as ven tricular size increases.
• Range of observations reflects the difficulty in separating the CFVS from arterial structures.
All 29 patients had the CFVS in the aqueduct of Sylvius on T2-weighted images. One patient with severe ventriculomegaly had a narrow CFVS in the aqueduct and mild periventricular hyperintensity. Before the MR examination, this patient was suspected of having aqueductal stenosis; however, a limited pneumoencephalogram showed free passage of air into the third ventricle . A radionuclide cisternogram was normal. Nineteen patients (66%) had the sign in the third ventricle and 27 (93%) had the sign in the fourth ventricle. Of the 27 patients with CFVS in the fourth ventricle, 17 to 21 (59-72%) had the sign in the foramen of Magendie. Eight patients (28%) had the CFVS in or near the foramina of Monro. Twenty-six patients (90%) had the CFVS on T1-weighted images. In these cases it was seen only in areas that were positive for the CFVS on the T2-weighted images. The average length of the CFVS was 3.7 cm.
Group 2: EVOH
One of these 11 patients had mild hydrocephalus, while five had moderate hydrocephalus and five had severe hydrocephalus. Three of the patients with moderate and two with severe hydrocephalus had a smooth periventricular rim of increased intensity on T2-weighted images that was interpreted as interstitial edema. The CFVS was most marked in the patient with inferior vermian dysgenesis and moderate hydrocephalus (Fig . 1) .
All patients had the CFVS in the aqueduct of Sylvius and fourth ventricle on T2-weighted scans. Nine or 10 (82-91 %) of these patients had the sign clearly in the foramen of Magendie, while it was absent in this location in two others. Nine patients (82%) had the CFVS in the third ventricle and five (45%) had the CFVS in or near the foramina of Monro. Ten patients (91 %) had evidence of the CFVS on T1-weighted images in areas also positive for the CFVS on T2-weighted images. The average length of the CFVS was 4.7 cm .
The data are summarized in Table 1 . An analysis of the data according to ventricular size has been combined with previously reported observations of the CFVS in normal patients [6] and is presented in Table 2 .
Discussion
The forces driving CSF throughout the subarachnoid space are not completely understood . The rate of continuous formation (0.4 ml/min) and absorption of CSF is inadequate to produce flow velocities detectable by MR . However, turbulence and localized areas of high-velocity CSF flow are created by pulsatile shifts of CSF . These CSF pulsations have been commonly observed during Pantopaque myelography or cisternography. In 1943, O'Connell [12] suggested that intrancranial arterial pulsations were the main source of CSF pulsations. In 1955, Bering [13] maintained that the main impetus to CSF pulsations was pulsations within the choroid plexus. In 1966, Du Boulay [14] confirmed O'Connell 's theoretical concepts , showing that forceful CSF pulsations occur in the basilar subarachnoid space and third ventricle in synchrony with arterial systole and diastole. He referred to the forceful thalamic compression of the third ventricle as the "third ventricular pump" and discounted the contribution of choroid plexus pulsation . Du Boulay believed that pulsation in the basal cisterns stemmed from displacement of CSF from the brain as well as expansion of the main arteries in the basi lar cisterns.
Flow-dependent effects in the presence of magnetic field gradients have been described in conventional [15] , specialized [16] , and zeugmatographic [17 , 18] MR devices. Flowdependent MR images have been shown in both conventional [19] and specialized pulse sequences [20] . These effects can be manifested as time-of-flight or phase-shift effects , or as a combination of both , as is the case in conventional 2DFT SE sequences [16 , 21] . Time-of-flight effects include flow-related enhancement (as seen in slow venous flow) and high-velocity signal loss, which occurs with rapid flow (10 cm/sec or more) caused by movement of spins out of the imaged volume before the refocusing pulses occur [22] . As von Schulthess and Higgins [21] pOinted out, this effect may explain the loss of signal for flow of spins perpendicular to the plane, but it cannot explain loss of signal for flowing spins coursing within the imaged plane. Spin-phase shifts occur whenever spins move in gradient fields regardless of whether the movement is in the imaged plane. In the case of spins flowing along a magnetic gradient, the magnetic field experienced by those spins varies during the evolution of the pulse sequence. Thus , the magnetic history of the spins will be more complex in the case of flowing spins . The signal intensity is critically dependent on the spatial distribution of velocities and accelerations of spins within a voxel. The larger the spatial variation of the velocity or accelerations across a voxel, the greater the loss in signal amplitude [18] . Turbulence, whether from high velocity or intrinsic physiologic movements, results in large spatial variations of the velocities of the fluid within the imaging plane that then translate into spin-phase changes and loss of signal AJNR :7. November/December 1986 amplitude. We have anecdotally noted that the CFVS is present in the aqueduct on both odd and even echoes, in keeping with von Schulthess and Higgins' observations on spin-phase changes in blood vessels . Changes in the phaseencoding plane have not been noted to change the CFVS , although associated artifacts are moved from one plane to the other. Based on the above observations, most of the aqueductal signal loss known as the aqueductal CFVS is most likely caused by spin-phase changes. These observations do not necessarily apply to the loss of signal in other subarachnoid spaces. For example, we have noted more uniform signal intensity in the spinal CSF on the second echo of a multiecho chain. Theoretically , the time-of-flight effects could be calculated by determining the differences in intensity between images of identical TR and TE on single-echo images versus dual-echo images. We recently presented material confirming the relation of the CFVS to the cardiac cycle , specifically showing more marked loss of signal (CFVS) during cardiac systole [23] , apparently because of accentuation of the time-of-flight effects. Similar effects may be seen from fortuitous synchronization of the cardiac cycle and the MR acquisition sequence. This has been termed "pseudogating " [22] and could be a factor in some instances [24] .
A comparison of the reported incidence of the CFVS in patients with normal ventricles [6] with those of our series indicates that it is seen much more often in patients with ventriculomegaly (Table 2 ). Our results indicate that the CFVS is present in the aqueduct of Sylvius in all patients with enlarged ventricles caused by brain atrophy or EVOH (Figs.  1,2, and 4) . On T2-weighted images the CFVS stands out as an area of decreased intensity in contrast to the bright appearance of the CSF in other areas of the ventricular system (Figs. 1 and 2A) . It was seen in the fourth ventricle in 96% of patients (Figs. 1-3) , in the third ventricle in 70% (Figs. 1, 2 , 4, and 5), in the foramina of Monro in 33% (Figs. 1, 2, and 5) , and in the foramen of Magendie in 65-77% (Figs. 1-4) . It was present in at least one area on T1-weighted scans in 90% of patients (Fig. 1 B) .
Subtle differences in CSF velocity or turbulence in different areas of the ventricle can be appreciated by comparing midsagittal T1-weighted images with midsagittal T2-weighted images in the same patient. There is no difficulty in differentiating the CFVS in the aqueduct of Sylvius, third ventricle, or fourth ventricle from arteries or veins. However, care must be taken to differentiate the posterior inferior cerebellar arteries from the foramen of Magendie and the internal cerebral veins from the foramina of Monro (Figs. 2, 3, and 5 ). In these areas we relied on the size of the CFVS and close observations of the anatomy on contiguous sections. The CFVS probably occurs frequently in basilar cisterns but is more difficult to differentiate from vessels [7] . In one patient with brain atrophy and multiple sclerosis we observed large areas of decreased intensity that we believe represented the CFVS in the ambient cisterns (Fig. 6) .
The CFVS was seen more often and was more prominent in the group of patients with EVOH (Table 1 ), but this is believed to be a reflection of the more marked ventricular enlargement in this group of patients. The data in Table 2 reflect the relatively frequent occurrence of the CFVS in the foramina of Monro, the third ventricle, the fourth ventricle, and the foramen of Magendie in moderate or severe ventricular enlargement when compared with only mild ventriculomegaly. The CFVS alone cannot be used to differentiate patients with brain atrophy from those with EVOH .
The increased frequency and prominence of the CFVS in patients with large ventricles is probably related to several factors. Decreased compliance of periventricular tissues may allow increased transmission of pulsations to the ventricular system [25] . The expansion of the CSF spaces alone in a turbulent system may simply allow more mixing of spins with differing constant velocities and accelerations, resulting in more signal loss from spin-phase changes [21] . Signal loss from time-of-flight effects may also be increased in patients with large ventricles . These effects are most likely to be seen in areas where the cross-sectional area of the CSF space narrows abruptly, such as the aqueduct of Sylvius and the various ventricular foramina. Although the net production of CSF does not change, the velocity of CSF flow through these A 5 areas will be increased . This can be explained by applying the concept of the continuity equation [26] , which states that for a steady-stream tube with a narrow end (section 1) and a wide end (section 2), the product of density (d) , velocity (v), and cross-sectional area (A) is the same at both ends, or d,v,A, = d 2V2A2. The actual description of the flow through a structure such as the aqueduct of Sylvius is much more complex , but the concept is valid. In patients with hydrocephalus, the change in the cross-sectional area of the ventricles relative to the normal state is much greater than the change in the size of the aqueduct of Sylvius or the ventricular foramina relative to their normal state. Thus , applying the continuity equation, the velocity of the CSF flow must increase . This in turn could lead to high-velocity signal loss as well as spin-phase shift signal loss.
We cannot explain the smaller-than-expected aqueductal CFVS in one patient with severe hydrocephalus, but we were able to corroborate the pneumoencephalographic finding of B 6 aqueductal patency by using a 5-mm T2-weighted (SE 2300/ 80) MR imaging pulse sequence (Fig . 7) . Mild stenosis of the caudal segment of the aqueduct may be present. This case is important since it illustrated the utility of the CFVS in the aqueduct. In future cases the observation of the CFVS in the aqueduct may obviate invasive techniques to evaluate the aqueduct. This case also illustrates the need to use meticulous technique. The narrow CFVS might not have been seen if there had been patient motion or if other factors decreased spatial and/or contrast resolution .
One patient had a marked CFVS extending from the foramina of Monro to the foramen of Magendie, virtually filling the fourth ventricle (Fig. 1) . As in all cases , the CFVS was best seen on the T2-weighted sequence. This patient had inferior vermian dysgenesis and probable posttraumatic EVOH . The caudal aqueduct of Sylvius was dilated._ The foramen of Magendie was voluminous and may have allowed more vigorous transmission of CSF pulsations into the fourth ventricle AJNR: 7 • November/December 1986 A 8 and aqueduct. It has been stated that the pulsatile displacement of CSF through the basal cisterns is 1 0 to 25 times as great as the ventricular displacement, even in normal patients [24 , 27 , 28] .
The CFVS is a useful direct indicator of the patency of the channel or foramen in which it is seen. In 25-35% of patients with EVOH , the fourth ventricle is normal or minimally enlarged [29] . We encountered two such patients in our series (Fig . 4) . The observation of the aqueductal CFVS avoids the consideration of aqueductal obstruction in those patients. The CFVS should prove to be more useful than the traditional criterion for determining the site of obstruction by observation of the point of transition from dilated to nondilated CSF spaces.
Magnetic field strength does not appear to be an important factor. The CFVS has been observed on a variety of systems at different field strengths including 0.35 T, 0.5 T, 0.6 T, and 1.5 T [6 , 7, 24, 30] . We have also anecdotally observed the sign on images from a 0.3 T permanent magnet system . Von Schulthess and Higgins [21] suggested that the loss of signal from movements of spins in gradient fields (spin-phase changes) may vary between the different MR imager systems. This is because of the variability in gradient fields used for spatial position encoding. We are not aware of examples of such machine differences at this time.
We have noted a markedly higher incidence of the CFVS when comparing scans obtained with T2-weighted versus T1-weighted SE pulse sequences. Since the loss of signal is probably primarily from spin-phase changes , the phenomenon should not depend on the TE or TR. However, the decreased intensity will not be easily observed unless the intensity of the CSF is increased . The longer TEfTR sequences provide better contrast and thus allow easier detection of the CFVS. Timeof-flight effects are dependent on the TE and are more likely to be demonstrated as the TE increases [4] .
The CFVS may prove to be useful in the follow-up examination of patients with treated (shunted) hydrocephalus. There have been reports of the development of shunt independence with spontaneous nonsurgical restoration of normal CSF cir- culatory patterns in 9-20% of patients treated for hydrocephalus [31] [32] [33] . The appearance of the CFVS in areas where it was previously absent would indicate restoration of normal CSF flow through the area. The disappearance of the CFVS in patients with hydrocephalus who are being followed should be of great value. It would be an indication that previously intact CSF flow pathways had been altered. For instance, some patients with EVOH have been shown to develop secondary aqueductal stenosis from depression of the third ventricle and lateral compression of the aqueduct by the enlarged lateral ventricle [34, 35] . This superimposes an obstructive component on an advanced EVOH and accelerates neurologic deterioration.
It is important to recognize the CFVS because it explains otherwise confusing areas of heterogeneous intenSity in CSF spaces and it provides information about CSF dynamics. While it promises to be a useful sign in the evaluation of patients with ventriculomegaly, further investigations of the sensitivity and specificity of the sign are needed. Although our results indicate that the CFVS is present in the aqueduct of Sylvius in all patients with hydrocephalus, we must add a note of caution since this series is limited to only 40 patients. It does appear clear that the presence of the CFVS in and of itself does not indicate the presence of EVOH. The application of the CFVS is leading us to a deeper understanding of CSF Circulatory system dynamics, and this in turn may lead to improved diagnOSis and treatment of patients with CSF circulatory disorders.
